Hussien R, Brooks GA. Mitochondrial and plasma membrane lactate transporter and lactate dehydrogenase isoform expression in breast cancer cell lines. Physiol Genomics 43: 255-264, 2011. First published December 21, 2010 doi:10.1152/physiolgenomics.00177.2010We hypothesized that dysregulation of lactate/pyruvate (monocarboxylate) transporters (MCT) and lactate dehydrogenase (LDH) isoforms contribute to the Warburg effect in cancer. Therefore, we assayed for the expression levels and the localizations of MCT (1, 2, and 4), and LDH (A and B) isoforms in breast cancer cell lines MCF-7 and MDA-MB-231 and compared results with those from a control, untransformed primary breast cell line, HMEC 184. Remarkably, MCT1 is not expressed in MDA-MB-231, but MCT1 is expressed in MCF-7 cells, where its abundance is less than in control HMEC 184 cells. When present in HMEC 184 and MCF-7 cells, MCT1 is localized to the plasma membrane. MCT2 and MCT4 were expressed in all the cell lines studied. MCT4 expression was higher in MDA-MB-231 compared with MCF-7 and HMEC 184 cells, whereas MCT2 abundance was higher in MCF-7 compared with MDA-MB-231 and HMEC 184 cells. Unlike MCT1, MCT2 and MCT4 were localized in mitochondria in addition to the plasma membrane. LDHA and LDHB were expressed in all the cell-lines, but abundances were higher in the two cancer cell lines than in the control cells. MCF-7 cells expressed mainly LDHB, while MDA-MB-231 and control cells expressed mainly LDHA. LDH isoforms were localized in mitochondria in addition to the cytosol. These localization patterns were the same in cancerous and control cell lines. In conclusion, MCT and LDH isoforms have distinct expression patterns in two breast cancer cell lines. These differences may contribute to divergent lactate dynamics and oxidative capacities in these cells, and offer possibilities for targeting cancer cells. glycolysis; Warburg effect; monocarboxylate transporters; lactate dehydrogenase
MOST CANCER CELLS DISPLAY a Warburg effect, a state of active glycolysis with lactate production under aerobic conditions (3, 17, 31, 38, 51) . Studies of lactate metabolism in humans and rodents have shown that lactate is not only an end product of glycolysis but is an important fuel for active muscles and other tissues and may have hormone-like actions (7) (8) (9) . The operation of lactate shuttles within and among cells, tissues, and organs such as retina, brain, testis, liver, and cardiac and skeletal muscle under fully aerobic conditions is well established (7) (8) (9) . In skeletal muscle, the cell-cell lactate shuttle involves the exchange of lactate between glycolytic and oxidative fibers and cardiocytes that actively respire lactate. Moreover, during physical exercise, lactate released from working muscle and other tissues becomes the main precursor for hepatic gluconeogenesis (4) . The intracellular lactate shuttle plays an important role in maintaining the redox balance within cells (7, 9) . After transport from cytosol to mitochondria, proximal to the inner membrane, lactate is reconverted to pyruvate, a process that generates NADH to be used by the mitochondrial electron transport chain (ETC), as well as pyruvate to be used by the TCA cycle, again to produce reducing equivalents for the ETC (25) . Functioning of the intracellular lactate shuttle in muscle may be facilitated by the presence of a mitochondrial lactate oxidation complex (mLOC) comprising monocarboxylate transporter-1 (MCT1), its chaperone basigin (CD147), lactate dehydrogenase (LDH), and cytochrome oxidase (COx) (25) . More recent studies suggest that lactate may also be oxidized to pyruvate by an intermembrane space mitochondrial lactate oxidase and produce hydrogen peroxide (13) , a reactive oxygen species with second messenger properties implicated in diverse cellular processes (18, 47, 54) including carcinogenesis (6, 11) and metastasis (35, 42) .
While lactate accumulation is characteristic of cancer cells, there is no consensus on its cause. Some researchers postulate that lactate production by tumors is due to exaggerated glycolysis, while others suggest that lactate accumulation is due to limited clearance capacity imposed by impaired capability for oxidative phosphorylation (29, 40, 48) . Lactate production has been proposed as a marker for malignancy in some human cancers and is associated with poor outcome (56) . In normal and patho-physiology, MCTs are the major gateways for lactate trafficking between and within cells (39, 41) . The fact that cancer cells also express MCTs like normal cells suggests that these transporters might facilitate lactate exchange and be involved in cancer proliferation. However, little research has been done to detail the roles of MCTs and related proteins in cancer.
Breast tissue expresses lactate transporter proteins, and the plasma membrane abundances of these proteins change significantly in cancer. The MCT4 gene is upregulated in the breast cancer cell line MDA-MB-231 (20) , and the MCT1 gene promoter is reported to be hypermethylated in 4 of 19 breast cancer tissues (1) . The gene encoding the MCT chaperone, Basigin (CD147), is also upregulated in metastatic breast cancer cells and has been shown to induce extracellular matrix metalloproteinase and play a role with MCT4 in cancer cell invasion (20, 59) . The intracellular localization of MCTs may also play a role transducing the changes in lactate concentrations. In healthy slow red oxidative myofibers, MCT1 exists in mitochondrial and plasma membranes (10, 15, 28) . In skeletal muscle, peroxisomal membranes express MCT1 and MCT2 (37) . In fast-glycolytic fibers, MCT4 and MCT1 are localized to the plasma membrane, and mitochondrial abundance of MCT1 is low as the mitochondrial reticulum is sparse (28) . Although MCT1 is the only monocarboxylate transporter in the MitoCarta (mitochondrial proteome list) (45), we have found that, depending on area in mammalian brain, either MCT1 or MCT2, or both, are the mitochondrial MCTs (mMCT) (26) .
However, little is known about the distribution of lactate transporters in mitochondrial and plasma membranes in cancerous cells.
Given the recent realization of the crucial role of lactate exchange and metabolism in normal physiology and the prevalence of lactate in tumors, lactate shuttling and MCT proteins emerge as possible targets for cancer treatment. In neuroblastoma cells, blocking MCT1 activity was shown to cause acidosis inside those cells, leading to their apoptotic death. The same study showed that lactate transporters facilitate nutrient exchange and thereby facilitate cancer cell growth (16) . In a different study, MCT1 inhibition was shown to block lactate transport between glycolytic and oxidative regions within tumors of various cancer types, causing death in the centers of the tumors. Lactate transporters were suspected of playing another permissive role on cancer cells growth, that of transporting lactate from the core cells of tumors to be used as energy substrates by the peripheral tumor cells (53) . Knowing the differential roles of lactate transporters in normal and cancer cells could offer opportunities for targeting the latter. Therefore, in the effort to extend knowledge of the role of lactate in cancer growth, we sought to identify differences in the expression of MCT and LDH isoforms in two breast cancer cell lines MCF-7 [a luminal-like breast cell line, estrogen (ER) and progesterone (PGR) receptor positive, and weakly invasivein vitro] and MDA-MB-231 [a mesenchymal-like breast cell line, estrogen (ER) and progesterone (PGR) receptor negative, and highly invasive in vitro] (32), and the control primary breast cell line HMEC 184 (a 10 -25% luminal-like and 75-90% basal-like breast cell line, and prestasis with finite lifespan) (21) . In addition, we examined available microarray (12) and MassArray data (43) to extend our findings to a larger set of breast cancer cell lines. Results of our study could contribute to efforts to design better strategies for targeting cancer cells based on lactate transporters and LDH isoforms. Knowing the localization and expression patterns of MCT and LDH may help in efforts to target the cancer cells specifically without killing normal cells.
MATERIALS AND METHODS
Tissue culture. The human breast cancer cell lines (MCF-7, MDA-MB-231) were a gift from Dr. Gary Firestone, UC Berkeley, and the normal primary-human breast cell line (HMEC 184) was a gift from the Human Mammary Epithelial Cell (HMEC) Bank, Lawrence Berkeley National Laboratory (LBNL). The MCF-7 cell line was grown in high-glucose Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine, 0.25% penicillin-streptomycin, and (10 g/ml) insulin. MDA-MB-231 cell line was grown in high-glucose Iscove modified Eagle's medium (IMDM) supplemented with 10% FBS, 1% L-glutamine, and 0.25% penicillin-streptomycin. The HMEC 184 cell line (passage 5-8) was grown in M87AϩCTϩGFX medium prepared by the HMEC, LBNL. The M87AϩCTϩGFX medium contained 50% mammary epithelial basal medium (supplemented with 5 mg/ml insulin, 70 g/ml bovine pituitary extract, 0.5 g/ml hydrocortisone, 5 ng/ml EGF, 5 g/ml transferrin, 10 Ϫ5 M isoproterenol, 2 nM glutamine), and 50% DMEM/F12 (supplemented with 10 g/ml insulin, 10 nM Tri-iodothyronine, 1 nM ␤-estradiol, 0.1 g/ml hydrocortisone, 0.5% fetal calf serum, 5 ng/ml EGF, 2 mM glutamine, and 1 ng/ml cholera toxin), and 0.1 nM oxytocin and 0.1% lipid-rich bovine serum albumin (albuMaxI). Cells were grown in 5% CO 2 atmosphere at 37°C.
Materials. Chemicals were purchased from Sigma-Aldrich (St. Louis, MO). Tissue culture medium, serum, and reagents were purchased from GIBCO (Carlsbad, CA).
Preparation of subcellular fractions and immunoblots. Cells were grown in 15 cm dishes until they reached 80 -90% confluence, washed with phosphate-buffered saline (PBS), and collected by scraping and brief centrifuging at 700 g for 5 min. The subcellular fractions of whole homogenate and cytosolic-enriched and mitochondrial-enriched fractions were prepared as previously described (25) . In brief, cells were homogenized in buffer A (250 mM sucrose, 5 mM NaN 3, 2 mM EGTA, 100 M PMSF, 1 M pepstatin A, 10 M leupeptin, 20 mM HEPES-Na, pH 7.4), using a loose-fitting Dunce (Teflonglass) homogenizer. Homogenates were centrifuged at 600 g for 10 min at 4°C to remove nuclei and unbroken cells. The pellet was discarded and the supernatant [whole homogenate (WH)] was removed, and some was saved for immunoblotting. The rest of the supernatant was centrifuged at 10,000 g for 30 min at 4°C. The supernatant was removed and saved for immunoblotting [cytosolic fraction (Cyto)]. The pellet was washed with buffer A and repelleted by centrifuging at 10,000 g for 30 min at 4°C. This pellet was washed once in buffer C (1 mM EDTA and 10 mM Tris, pH 7.4), then resuspended in buffer C with 1% NP-40 [mitochondrial fraction (MI)]. Protein concentration was determined using a BCA protein assay kit (Pierce Biotechnology, Radford, IL). Western blotting was performed as previously described (25) , and the same amount of total protein (30 g) was loaded in each well. In brief, samples were diluted with LDS sample buffer (Invitrogen, Grand Island, NY) and incubated in a 70°C water bath for 10 min. Samples and the molecular weight standard, MagicMark XP (Invitrogen), were separated on a SDS-PAGE gel and then transferred to a polyvinylidene fluoride membrane (GE Healthcare, Amersham, Piscataway, NJ). The membrane was blocked with 10% milk in TTBS buffer (0.1 M NaCl, 0.1 M Tris pH 7.5, 0.1% Tween 20) for 1 h and then incubated with primary antibody with 10% milk in TTBS for 2 h. Next, the membrane was washed three times with TTBS buffer and then incubated with a second antibody in 10% milk in TTBS for 1 h. Finally, the membrane was washed three times with TTBS buffer and then incubated with a chemiluminescence reagent kit (ECL plus kit, GE Healthcare, Amersham) for 5 min, then exposed to X-ray film (GE Healthcare, Amersham). Primary antibodies used were rabbit anti-MCT1, and rabbit anti-MCT4 (Brooks, polyclonal custom antibody), rabbit anti-MCT2 (Chemicon International, Temecula, CA), rabbit and mouse anti-cytochrome oxidase subunit IV, and goat anti-LDH, that reacts with all LDH isoforms (see Fig. 1E ; Abcam, Cambridge, MA), rabbit anti-LDHA and rabbit anti-LDHB (Sigma-Aldrich), goat anti-CD147 (Research Diagnosis, Flanders, NJ), rabbit anti-␤-actin, mouse anti-GAPDH (Imgenex, San Diego, CA), mouse anti-Na ϩ -K ϩ -ATPase-␣ (Upstate, Millipore Corporate, MA), rabbit anti-GLUT1, and rabbit anti-TGF␤-R2 (Santa Cruz Biotechnology, Santa Cruz, CA). Band intensity was quantified by Bio-Rad GS-700 Densitometer. The band used for densitometer quantification was marked by underlining the molecular weight standard that corresponded to its size in Fig. 1 .
Confocal laser scanning microscopy. Cells grown on circular cover slips were washed with PBS and fixed with acetone on ice for 5 min. Cells were washed with PBS and permeabilized with 0.2% Triton X-100 for 5 min. Cells were blocked with 2% FBS for 1 h and then incubated with primary antibodies overnight at 4°C. Cells were washed with PBS and incubated with secondary antibodies for 1 h and then washed with PBS and H2O and mounted using Vectashield (Vector Laboratories, Burlingame, CA). The primary and secondary antibodies were used as previously described (25) . Primary antibodies used were rabbit anti-MCT1, rabbit anti-MCT4, rabbit anti-MCT2, rabbit and mouse anti-cytochrome oxidase subunit IV, and goat anti-LDH (the same antibodies as described for Western blotting). The secondary antibodies were anti-rabbit Alexa Fluor 488 conjugate secondary antibody (Molecular Probes), anti-mouse Cy3 (Chemicon International), and anti-goat Alexa Fluor 546 conjugated secondary antibodies (Molecular Probes, Invitrogen, Grand Island, NY). An oil immersion objective on Zeiss 510 META (Zeiss 63x/1.4 numerical aperture) was used. Images represent optical slices of ϳ1 m. Linear adjustments of contrast and brightness were not applied. Hence, images are not contrast enhanced.
Lactate measurements. Cells were seeded on 60 mm dishes at 4.6 ϫ 10 5 cells/dish and allowed to grow for 3 days to reach 80 -90% confluence. Cells were washed with PBS and incubated with IMDM without phenol red and supplemented with 10% FBS, 1% L-glutamine, and 0.25% penicillin-streptomycin, and with/without 40 mM oxamate (Oxa, LDH inhibitor) and 50 M iodoacetate (IAA, glycolysis blocker). The medium (350 l) was collected and added to 100 l of 7% perchloric acid (PCA) at time 0, 1, 2, 3, 4, and 5 h. Cells were washed with PBS and collected by scraping and brief centrifuging, and total protein concentration was measured by BCA protein assay kit (Pierce Biotechnology). Lactate concentration (M) was measured by spectrophotometry (23) and normalized to total protein concentration (g). Lactate standards were made with sodium L-lactate in IMDM (without phenol red and supplemented as mentioned above). Lactate standards (350 l) were added to 100 l of 7% PCA. Samples and lactate standards were centrifuged at 3,000 g for 10 min at 4°C, and the pellets were discarded and the supernatants saved. Samples or lactate standards (25 l) were incubated with 250 l of reaction buffer (0.5 M glycine, 2% hydrazine hydrate, pH 9, 2.6 units of L-lactate dehydrogenase, 3.0 mM nicotinamide adenine dinucleotide, NAD ϩ ) for 40 min at 37°C in 96-well plate. The plate was allowed to cool for 20 min, and then the absorbance was determined at 340 nm using a SPECTRA MAX spectrophotometer (Molecular Devices, Sunnyvale, CA).
Polarographic measurement of oxygen consumption. Oxygen consumption of intact MCF-7, MDA-MB-231, and HMEC 184 cells was measured using a Clark-type oxygen electrode (Rank Brothers, Cambridge, UK) and LabVIEW software (National Instruments) was used to record the data. Fresh medium was allowed to equilibrate in the sample chamber at 37°C before adding the trypsinized cells (5-8 ϫ 10 6 cells) from 10 mm dishes. The chamber was stoppered and endogenous oxygen consumption was recorded for 15 min. Carbonyl cyanide m-chlorophenylhydrazone (CCCP; 10, 5, 2.5 M final concentration was added to MCF-7, HMEC 184, MDA-MB-231 cells, respectively), and maximum uncoupled oxygen consumption was recorded for an additional 10 min. CCCP was added to MDA-MB-231 cells by titration. Data were normalized to total cell number, which was determined by hemacytometer. One-way analyses of variance were used to compare the means of the groups. If a significant F value (P Ͻ 0.05) was obtained, a Dunnett's test was performed using HMEC 184 as the control while maintaining ␣ at 0.05. As well, selected Student's t-tests were used to evaluate significance differences between cancer cell lines (P Ͻ 0.05).
LDH separation and analysis by electrophoresis. LDH isoforms present in Cyto and MI fractions from MCF-7, MDA-MB-231, and HMEC 184 cell lines were separated on 1% agarose gels as described previously (10) . In brief, 1% agarose gel was prepared and equilibrated in TAE electrophoresis buffer (40 mM Tris acetate, 1 mM EDTA) for 1 h. Samples containing 12 g of total protein were diluted in sample buffer (20% glycerol, 0.05% bromphenol blue, 80% TAE buffer). Samples and LDH marker (LDH Isotrol, Sigma) were separated by electrophoresis at 90 V for 30 min. The LDH bands were stained and visualized with colorimetric procedure (Sigma Procedure 705). The gel was fixed in methanol-acetic acid solution (5 parts acetic acid, 75 parts methanol, 20 parts water) for 30 min. The gel was washed with distilled water for 30 min, then dried for 15-30 min in a forced air incubator at 37°C, then scanned using a Bio-Rad GS-700 imaging Densitometer. Figure 1 is a montage of images compiled from individual Western blot images of MCT1, MCT2, MCT4, LDHA, LDHB, and CD147 proteins. Relative protein abundances with the predicted MWs, identified by the specified antibodies, are shown to facilitate comparisons. Protein levels in whole homogenate and mitochondrial fractions were normalized to ␤-actin expression, and their expression levels in the two cancer cell lines (MCF-7 and MDA-MB-231) were compared with those in the control cells HMEC 184 cell line; the fold changes of the examined proteins are reported in Fig. 1H . To show relative abundances left-and right-hand plates show unsaturated and saturated autoradiograms, respectively. The MCT1 blot showed a single band at 40 kDa (Fig. 1A) . MCT1 expression was lower in MCF-7 and MDA-MB-231 compared with HMEC 184 (Fig. 1H ). The MCT2 blot shows multiple bands around 40 kDa (Fig. 1B) . The mitochondrial fractions also showed two major bands of MCT2 at 50 kDa in all three cell lines; these mitochondrial bands were heavier than the MCT2 proteins that were localized to the plasma membrane. MCT2 expression was higher in MCF-7 compared with MDA-MB-231 and HMEC 184 cells (Fig. 1H) . MCT4 was expressed in higher amounts in MDA-MB-231 than in MCF-7 and HMEC 184 cells (Fig. 1H ). MCT4 showed two unique bands at 40 and 25 kDa (Fig. 1C) . CD147 was expressed in three cell lines and had two major bands at 40 and 60 kDa, which represent the core-glycosylated and the fully glycosylated forms, respectively (Fig. 1D) . The CD147 protein was more highly expressed in MDA-MB-231 than in HMEC 184 and MCF-7 (Fig. 1H) .
RESULTS

CD147, MCT, and LDH isoforms were detected by immunoblotting.
LDH was highly expressed in cancerous cell lines (Fig. 1 , E and H), but the LDHA protein was mainly expressed in MDA-MB-231 and HMEC 184 (Figs. 1G and 2), while the LDHB isoform was mainly expressed in MCF-7 (Figs. 1F and 2). LDH isoenzymes separated by electrophoresis on agarose gels confirmed this result (Fig. 2) . With an LDH antibody that reacts with all five LDH isoenzymes (Fig. 1E) , LDH blots showed unique size bands in mitochondrial fractions of three cell lines, different from the cytosolic LDH, and MCF-7 showed a unique band of LDH at 28 kDa (Fig. 1E) .
Subcellular assessments show mitochondrial fractions to contain Na ϩ -K ϩ -ATPase. WH, Cyto, and MI cell fractions were isolated from human breast cancer cell lines (MCF-7, MDA-MB-231) and normal primary human breast cell line (HMEC 184). Figure 3 shows that the mitochondrial fractions were rich with mitochondrial protein COxIV. Despite our best efforts at mitochondrial isolation, probing mitochondrial fractions showed strong signals for the plasma membrane maker, Na ϩ -K ϩ -ATPase-␣, a small, but observable signal for GLUT1 protein in the mitochondrial fraction of MDA-MB-231 cells, but no signal for TGF␤-R2. Importantly, mitochondrial preparations were negative for the cytosol marker GAPDH. The absence of TGF␤-R2, but variable presence of Na ϩ -K ϩ -ATPase and GLUT1 proteins in the mitochondrial fraction of MDA-MB-231 cells may have resulted from small and variable levels of plasma membrane fragments that coalesce with mitochondrial membranes during isolation. Alternatively, those plasma membrane marker proteins may be functionally associated with the mitochondrial reticulum, in vivo. We previously reported the presence of Na ϩ -K ϩ -ATPase in mitochondrial fractions of primary neuronal cultures (26) and concluded that, rather than indicating contamination, Na ϩ -K ϩ -ATPase may be connected to outer mitochondrial membranes. The same association was also reported by others (57) . Seemingly, it would be an advantage for the endergonic Na ϩ -K ϩ -ATPase system, which maintains the plasma membrane cationic gradients, to be associated with the system for maintaining cellular ATP homeostasis. The contamination of mitochondrial fractions by other cell compartments was not tested for because MCT and LDH were mainly found in plasma membrane, mitochondria, and cytosol.
MCTs and LDH localization by confocal laser scanning microscopy. Using confocal laser scanning microscopy, we found that MCT1 was mainly expressed in the plasma membrane in HMEC 184 and MCF-7 cell lines (Figs. 4B and 5B) . MCT2, MCT4, and LDH were found to be colocalized with COxIV antibody in the mitochondria of the three cell lines that were tested (Figs. 4 -6 ). The localizations of MCT1, MCT2, MCT4, and LDH in cancerous cells were similar to those in control cells (Fig. 4 -6 ).
Lactate accumulation is higher in cancer cells, and the oxygen consumption is higher in control cells. Lactate accumulation in HMEC 184, MCF-7, and MDA-MB-231 cell lines was measured (Fig. 7, A-C) . Cells were incubated with IMDM media with or without 40 mM Oxa, an LDH inhibitor, and 50 M IAA, a blocker of glycolysis. Lactate accumulation was significantly lower in dishes that were incubated with IAA or Oxa compared with control, but higher in cancerous cell lines than control cell lines. Lactate accumulation was highest in the MCF-7 cell line and lowest in the HMEC 184 cell line. Oxygen consumption measurements showed that the three cell lines have different basal (endogenous) and maximum (max) respiratory rates (Fig. 7, D-F) . Interestingly, MCF-7 had a higher endogenous respiratory rate than did MDA-MB-231. The HMEC 184 cell line had the highest endogenous and max respiration rates. In aggregate, results suggest that cancer cells display both increased rates of lactate production and reduced capacities for oxidative disposal.
Available microarray databases. To expand our findings to a larger set of breast cancer cell lines, we examined the Twofold changes were taken to be significant. Charafe-Jauffret et al. studied 31 breast cell lines, in which all but three were cancerous: MCF-10A, which is derived from a fibrocystic disease, and HME-1 and 184B5, which were derived from normal mammary tissue. The expression profiles of MCT1, MCT4, LDHA, and LDHB were reported in their Supplementary Table 1 , but MCT2 and CD147 were not annotated. MCT1 was identified as one of 1,233 marker genes, which are differentially expressed between the luminal-like and the basal-like breast cell lines. MCT1 was highly expressed in basal-like breast cell lines. By comparing the MCT1 mRNA expression levels of all cancerous cell lines to the three normal cell lines in the data of Charafe-Jauffret et al., we found a significant decrease in MCT1 mRNA expression level in cancer cell lines compared with the normal cell lines. MCT4 also showed a trend of lower expression in cancerous cell lines in the data of Charafe-Jauffret et al., but there were some exceptions such as MDA-MB-231 and five other cell lines, which showed increased mRNA expression levels. MCT2 was not found in Supplemental Table 1 of Charafe-Jauffret et al., but MCT2 was one of the marker genes that were highly expressed in mesenchymal-like cell lines compared with luminal-like cell lines. LDHA showed little change in cancerous cells that did not pass the twofold limit set to assess significance. LDHB expression was lower in many cancerous cells compared with the three normal cell lines and appeared to be a marker gene that was highly expressed in the mesenchymal breast cell lines compared with luminal-like cancer cell lines.
Novak et al. (43) exposed three primary breast cell lines (48RT, 184D, 240LD) to different treatments or genetic manipulations that allow them to pass stasis and telomere dysfunction barriers to acquire immortality. By examining MassArray data in their Supplemental Table 2 , we saw that MCT1 promoter hypermethylation appeared in an early stage of cancer development after passing the stasis barrier in some cell lines (48RS and 184B), and MCT1 promoter hypermethylation was significant after passing the telomere dysfunction barrier (184B5, 184AA2, 184A1-RF, 184B5ME, 184ZNMY3, 184ZNMY3-N). No change in MCT2 and MCT4 methylation status was seen in any of the cell lines used in the MassArray data of Novak et al.
DISCUSSION
In this study, the expression and the localization of MCT and LDH isoforms in two breast cancer cell lines, MCF-7 and MDA-MB-231, and the control primary breast cell line, HMEC 184, were examined. We show that MCT (1, 2, and 4), and LDH isoforms (A and B) are expressed in both control and cancerous breast cells occupying both mitochondrial and extramitochondrial cell compartments. Our results generated three main conclusions that are discussed in more detail below: 1) breast cancer appears to change the expression of lactate shuttle proteins, but not their subcellular localizations; 2) changes in the expression lactate shuttle proteins are associated with decreased oxidative capacity and an increased lactate accumulation within breast cancer cells; and 3) our data and those of others indicate that MCT1 expression is downregulated in breast cancer cells in general.
Breast cancer appears to change the expression of lactate shuttle proteins, but not their subcellular localizations. The existence of MCT and LDH proteins in mitochondria in different healthy tissues was reported previously by us (10, 25) and others (2, 5, 34) and supported by the MitoCarta list (45) . However, for first time we report on the presence of MCT and LDH isoforms in the mitochondrial reticula of breast cell lines. Our data show that MCT (1, 2, and 4), and LDH (A and B) isoforms are expressed in both control and cancerous breast cells occupying both mitochondrial and extra-mitochondrial cell compartments. An exception is that MDA-MB-231 did not express MCT1 as determined by either of two methods (Figs. 1A and 6). The expression of MCT and LDH isoforms in each cell line was unique. MCT1 was highly expressed in the primary-human breast cell line HMEC 184 (Fig. 1A) , MCT2 was highly expressed in MCF-7 cell lines (Fig. 1B) , MCT4 was highly expressed in MDA-MB-231 cell lines (Fig. 1C) , and LDH was highly expressed in both cancerous cell lines (Fig.  1E) . The localization of MCT and LDH isoforms in cancerous and normal cell lines was the same. MCT2, MCT4, and LDH were localized in mitochondria in addition to their localization in plasma membrane and cytosol, respectively (Figs. 4 -6 ), whereas MCT1 was mainly localized in plasma membrane.
The mechanism of the translocation of MCT and LDH proteins to mitochondria is unclear. MCT1 is the only candi- date lactate/pyruvate transporter in the MitoCarta list; furthermore, of the LDH isoforms annotated in the MitoCarta, only LDHAL6B and LDH-D have a mitochondrial TargetP signal. While we know of no report showing MCT1 or MCT4 splice variants, our data show that splicing variants might explain the existence of LDH and MCT2 proteins in mitochondria (Fig. 1,  E and B) . In skeletal muscle (25) and neurons of some brain areas (26), we have found MCT1 to be expressed in both plasma and mitochondrial membranes. Our new result is that MCT1 is either not found at all in breast cancer cells (e.g., MDA-MB-231), or if found, MCT1 is localized mainly to the plasma membrane as in MCF-7 cells, with only trace amounts in the mitochondrial web. The unique localization of MCT1 mainly in plasma membrane may make it the main facilitator of lactate flow between tumor and stroma cells in breast tissue.
The three cell lines expressed MCT2 and MCT4, which were localized in the mitochondria (Figs. 1, 4, 5, and 6 ). The localizations of MCT1 mainly to plasma membrane, and MCT2 and MCT4 to plasma as well as mitochondrial membranes, is unique for breast cells. MCT2, which was first found in the liver, has a high affinity for substrates (K m of 0.1 mM for pyruvate, and K m of 0.7 mM for lactate), while MCT4, which is highly expressed in highly glycolytic cells, has a low affinity for substrates (K m of 150 mM for pyruvate, and K m of 28 mM for lactate) (24) . It may be that MCT2 and MCT4 serve to import lactate and pyruvate into mitochondria for oxidation, whereas one or both transporters act to extrude substrate from mitochondria for use in other pathways. In this context, DeBerardinis et al. (14) , who incubated glioblastoma cells with [1,6- 13 C2]glucose and [3-13 C]glutamate, showed that entries of lactate and pyruvate into the TCA cycle were accompanied by export of labeled citrate, presumably to support fatty acid synthesis, and glutamine was used to replenish the TCA cycle compensating for citrate export. Such a pathway in breast cells may exist and therefore requires further investigation.
Contrary to our expectations, our data do not show changes in LDH or MCT isoform expression or intracellular distribution unique to cancer; rather, the changes we observed appear consistent with the glycolytic and oxidative capacities of cells (25) . We discuss our findings within the context of targeting and killing cancer cells in vivo.
Changes in the expression of lactate shuttle proteins are associated with decreased oxidative capacity and an increased lactate accumulation within breast cancer cells. The three breast cell lines we studied had different basal endogenous and maximum respiration rates (Fig. 7, D-F) , with the control HMEC 184 cell line having the highest endogenous and maximum (uncoupler-stimulated) respiration rates, and with MCF-7 having a higher endogenous respiration than MDA-MB-231. Cells of all types responded to CCCP, indicating coupling of oxidative phosphorylation; however, respiration was less well-coupled in both cancer cell lines than the HMEC 184 control cell line (Fig. 7F) . As expected from their high LDH expression levels, the two cancer cell lines accumulated more lactate and used less oxygen than did the control cell line HMEC 184. In contrast, the control cell line HMEC 184 had lower LDH and higher MCT1 expression levels than the cancer cell lines. Lactate accumulation in the two cancer cell lines is indicative of high lactate production, low oxidative capacity, or some combination of both factors. Lactate production was also significantly lower in media when cells were incubated with IAA or oxamate compared with control, but higher in cancer than normal cell lines (Fig. 7, A-C) . This may mean that lactate production in all the cell lines was mainly generated through glycolysis but that there were downstream, i.e., mitochondrial, defects that disrupt oxidative disposal of lactate. Alternatively, pathways other than glycolysis contribute to high lactate production in cancerous cells lines. For example, enhanced glutamine metabolism has been associated with increased lactate production in cancerous cell lines (14) . However, the mechanism of such an effect is undefined.
Our data may be useful in explaining some of the observations of Sonveaux et al. (53) , who showed that cancer cells express different MCT isoforms and substrate use patterns depending on their localization in a tumor mass. Our result of a lower expression of MCT1 in breast cancerous cells compared with normal cells may be an early-programmed cancer strategy, allowing hypoxic tumor cells to utilize glucose without competing with normal cells. The MCT1 inhibitor, ␣-cyano-4-hydroxycinnamate, used by us previously to block sarcolemmal lactate transport (49, 50) , was used by Sonveaux et al. (53) to reduce tumor volume. We suspect that by blocking MCT1 in normal control cells, Sonveaux et al. forced control cells peripheral to the tumor mass to become glycolytic and compete with cancer cells for glucose. We suspect that by virtue of their peripheral location close to the microcirculation, control cells out-competed transformed cancer cells in the tumor core. Our data suggest the possible hypothesis that the high amount of lactate produced by cancer cells acts as a signaling molecule that increases the expression of MCT1 and causes mitochondrial biogenesis in stroma cells surrounding tumors. As with endurance training of muscle, the increased MCT1 expression and oxidative capacity of stroma cells would encourage them to use lactate as their energy source and spare the glucose for the tumor cells. MCT4 expression in the tumor cells would be upregulated by hypoxia (55) , which increases lactate transport from the cancer cells to the stroma cells. An increase of 10 -15% in pyruvate and lactate uptake was seen in the cancer cell line MDA-MB-231 when transfected with plasmid containing MCT1 gene (22) , and this uptake was accelerated at acidic pH and with an increase in lactate or pyruvate concentration in the incubation media (22) . In this way, lactate contributes to the seed and soil hypothesis of Paget (44) , by optimizing the microenvironment for tumor growth. That lactate acts as a paracrine signal in carcinogenesis was also proposed by others (29) , and the idea is supported by the results of the experiments we now describe. We showed that incubation of rat muscle cell line L6 with lactate increased the expression of MCT1 and COx 4, and 100 genes involved in reactive oxygen species signaling and mitochondrial biogenesis (27) . Lu et al. (36) showed that lactate and pyruvate stimulated the accumulation of HIF-1␣ and increased the expression of Aldo-A, VEGF, and GLUT-3 in many cancerous cell lines. Fukumura et al. (19) showed that VEGF expression increased with acidosis in brain tumor cells and that this increase was independent of hypoxia.
Our data and micro-and MassArray data from much larger sets of breast cell lines indicate that MCT1 expression is downregulated in breast cancer cells in general. To expand our findings to a larger set of breast cancer cell lines, we examined the available microarray data in Charafe-Jauffret et al. (12) . Charafe-Jauffret et al. used 31 breast cell lines, all of which were cancerous except three: MCF-10A, which is derived from a fibrocystic disease, and HME-1 and 184B5, which were derived from normal mammary tissue. We found that the MCT1 mRNA expression levels in cancer cell lines are lower than those of three control cell lines (184B5, HME-1, MCF-10A). This finding is consistent with our protein expression data, which compared the control primary breast cell line HMEC 184 to the two cancerous cell lines MDA-MB-231 and MCF-7 (Fig. 1H) . One limitation of this comparison is that the three normal control breast cell lines used in microarray comparisons were basal-like breast cell lines, which may exaggerate this reduction, as MCT1 is identified by Charafe-Jauffret et al. (12) and others (46) as a basal-like breast cell line marker.
MCT4 also showed a trend of lower expression in most cancerous cell lines in Charafe-Jauffret et al., but there were some exceptions, such as the MDA-MB-231 cell line and five other cell lines that showed an increase in mRNA expression levels. This result was consistent with the MCT4 protein expression levels we observed in MDA-MB-231 (Fig. 1H) and in other studies (20) . MCT4 expression was reported to be upregulated by hypoxia through HIF-1␣ (55), which may explain its increased expression in some cancer cells lines. MCT2 was not found in the Supplemental Table 1 of CharafeJauffret et al., but surprisingly MCT2 was one of the marker genes that were highly expressed in the mesenchymal cell line compared with luminal cells in their Supplemental Table 3 . Our results show that in the luminal-like cell line MCF-7, MCT2 was highly expressed compared with HMEC 184 and MDA-MB-231 (Fig. 1H) . In this respect our results are different from those reported by Charafe-Jauffret et al.
Our results with two cancerous cell lines showed differences in LDH isoform expression (Fig. 1H) , with LDHA mainly expressed in MDA-MB-231 and LDHB mainly expressed in MCF-7 (Fig. 2) . These results were inconsistent with those of Charafe-Jauffret et al. (12) , who showed no significant (i.e., Ͼ2-fold) change in LDHA but instead observed a reduction in LDHB expression. Transcriptional and posttranscriptional regulation of LDHA mRNA has been previously reported (30, 52) and may explain the differences in LDHA expression observed by Charafe-Jauffret et al. and by us. In addition, CharafeJauffret et al. reported high expression of LDHB in the mesenchymal compared with luminal-like cell lines, which is inconsistent with our data. LDHA was proposed as a targeting therapy in many cancerous cells (33) . However, the data of Charafe-Jauffret et al. show that lower expression of LDHB is more characteristic of cancer cells than is the increase in LDHA.
The MCT1 gene is silenced by hypermethylation in MDA-MB-231 cells as well as in 4 of 19 other breast cancer tissues (1) . We asked the question whether this hypermethylation occurred in an early or a late stage in cancer development. Novak et al. (43) had exposed three primary breast cell lines (48RT, 184D, 240LD) to different treatments or genetic manipulations that allowed them to pass stasis and telomere dysfunction barriers to acquire immortality. By examining their MassArray data in their Supplemental Table 2 , we found that MCT1 promoter hypermethylation appeared in an early stage of cancer development after passing the stasis barrier in two of seven manipulated cell lines (48RS, 184B), and MCT1 hypermethylation was clearer after cells passed the telomere dysfunction barrier in six of seven manipulated cell lines (184B5, 184AA2, 184A1-RF, 184B5ME, 184ZNMY3, 184ZNMY3-N). However, this early-stage hypermethylation was not associated with MCT1 silencing, as is seen in the 184B5 cell line in the data of Charafe-Jauffret et al. That result tells us that MCT1 silencing or reduction is an early programmed step in many breast cancer cells, and not due to random events.
The three cell lines used in this study along with those used by Charafe-Jauffret et al. (12) , and Novak et al. (43) , were grown in optimized culture media. However, those culture conditions may not reflect those in situ, so a concern is that the ex vivo conditions used in research may have affected the observed morphological and genetic changes. In this respect however, Wistuba et al. (58) compared the properties of 18 human breast cancer cell lines and their corresponding tumor tissue and showed a strong correlation between the two groups after 25 mo of culture (12) .
MCT inhibition provides a promising treatment for cancer. Nevertheless, we caution that inhibition of either MCT or LDH isoforms needs further investigation and should be regarded with caution because all cells in the body express MCT and LDH isoforms. Importantly also, our data show that MCT and LDH isoforms are localized in mitochondrial fraction in both cancer and normal cells and that this localization is not changed in cancer. These results are consistent with our previous findings (25, 26) , which showed that MCT and LDH exist in mitochondria of muscle and brain cells. Hence, inhibiting lactate shuttle proteins would effect the normal function of mitochondria of may cell types including neurons. As far as targeting lactate shuttle proteins as a means to disrupt tumor cells is concerned, we conclude that development of effective means to kill cancer cells by interfering with lactate shuttling in vivo will require better understanding of the unique roles of MCTs and other mLOC proteins in cancer.
